Insertion mutations introduced in vitro into cloned DNA of tomato golden mosaic virus that considerably shortened the length of the open reading frames (ORFs) ALl, AL2/AL3, BL1 or BRI, abolished the ability of the DNA to infect Nicotiana benthamiana seedlings. Mutants in which ORF AR1 was similarly shortened by an insertion or a 28 bp deletion were infectious, showing that the formation of coat protein or virions is not required for replication and systemic spread of virus DNA, although the appearance of symptoms was delayed in infections with the deletion mutant. Mutants with larger deletions (178 bp to 603 bp) in ORF AR1 were not infectious. Infections could be initiated with mixtures of ALl and AL2/AL3 mutants, or BL1 and BRI mutants, primarily as a result of complementation, although a low proportion of wild-type DNA A molecules regenerated by recombination or reversion was detected in the progeny of infection with the DNA A mutants.
INTRODUCTION
Tomato golden mosaic virus (TGMV) is a member of the Geminivirus group of plant viruses which are characterized by unique double-icosahedral (geminate) particles and genomes of circular ssDNA molecules composed of 2.5 to 3-0 kb (Hamilton et al., 1981 ; Matthews, 1982) . In nature geminiviruses are transmitted either by whitefly or leafhopper vectors and several can also be transmitted manually (Harrison, 1985) . The infection of plants with cloned virus dsDNA, by manual inoculation, pin-pricking or infection mediated by Agrobacterium tumefaciens Ti plasmids, has shown that whitefly-transmitted viruses, such as TGMV (Hamilton et al., 1983) , African cassava mosaic virus (ACMV; synonym, cassava latent virus) (Stanley, 1983) and bean golden mosaic virus (BGMV) (Moringa et al., 1983) , have bipartite genomes, whereas leafhopper-transmitted viruses, such as maize streak virus (Grimsley et al., 1987) and beet curly top virus , have unipartite genomes.
There is little sequence homology between the two DNA components of TGMV, designated A and B, except for an almost identical 'common region' of about 200 bases. The TGMV genome has six open reading frames (ORFs) that have the potential to code for proteins with 100 amino acids or more; the orientation of the ORFs indicates that transcription is bidirectional in rightward (R) and leftward (L) directions with respect to the common region. Four of these, designated AR1, ALl, AL2 and AL3 are located on DNA A and two, designated BR1 and BL1, on DNA B (Hamilton et al., 1984) . Analogous ORFs exist in the genomes of ACMV (Stanley & Gay, 1983) and BGMV (Howarth et al., 1985) . The only virus protein to be identified so far is the coat protein which is encoded by ORF AR1 in TGMV (H. Kallender, I. T. D. Petty, V. E. Stein, M. Panico, I. P. Blench, H. R. Morris, R. H. A. Coutts & K. W. Buck, unpublished data) and by the equivalent ORF in ACMV (Townsend et al., 1985) .
Although both DNA components are required to infect plants, it has been shown by constructing transgenic plants with dimeric inserts of TGMV DNA components that DNA A, but not DNA B, can replicate and produce virus particles in the absence of the other DNA species (Rogers et al., 1986; Sunter et al., 1987) . Similarly it has been shown that DNA 1 of ACMV (equivalent to DNA A of TGMV) can replicate independently of DNA 2 (equivalent to DNA B of TGMV) in protoplasts . Thus DNA A encodes the coat protein and proteins required for virus DNA replication and DNA B is required for cell-to-cell spread of virus particles, but the roles of the translation products of individual ORFs in these processes are not known. In this paper we report the results of site-directed mutagenesis in vitro to determine which ORFs in TGMV are required for systemic infection of Nicotiana benthamiana plants.
METHODS
Plant growth and virus isolation. TGMV was propagated in N. benthamiana by inoculating the expanding upper leaves of seedlings grown to the four-leaf stage. Virus was isolated from infected plants by the procedure of Stein et al. (1983) , except that the final 10% to 50% sucrose gradient was omitted. The virus samples were then used for immunodiffusion as described by Stein et al. (1983) , or denatured and electrophoresed in 10~ SDSpolyacrylamide gels (Laemmli, 1970) .
DNA isolation and Southern blot analysis. A nucleic acid preparation enriched in the intracellular DNA forms of TGMV was prepared as described by Hamilton et al. (1983) . Pellets prepared by ultracentrifugation of Tritontreated extracts from homogenized plants were resuspended in TE buffer (10mi-Tris-HCl pH 7.5, 1 mMdisodium EDTA) and extracted twice with an equal volume of 25 : 25 : 1 (v/v/v) phenol : chloroform :isoamyl alcohol followed by precipitation from 70~ ethanol. Alternatively, supercoiled DNA was prepared from the resuspended pellets as described by Sunter et al. (1985) .
DNA forms were electrophoresed in 1.2~ agarose gels in TBE buffer (90 mi-Tris-HCl pH 8.2, 90 mM-boric acid, 2 mi-disodium EDTA), depurinated by soaking the gel in 0-25 M-HCI for 15 min and then transferred to Genescreen Plus membrane in 0.6 m-sodium chloride, 0.4 M-sodium hydroxide overnight. The Genescreen was neutralized, dried at room temperature and then prehybridized and hybridized to a 32p-labelled nick-translated DNA probe (Rigby et al., 1977) according to the manufacturer's (New England Nuclear) instructions. Probes specific to A component or B component have been described previously (Hayes et al., 1988) .
Plasmids, cloning and sequencing. Plasmid DNA was purified from Escherichia coil by the alkaline lysis method (Birnboim & Doly, 1979) and further purified by centrifugation to equilibrium in caesium chloride density gradients containing ethidium bromide. DNA manipulations were as described by Maniatis et al. (1982) and E. coli DH5 or DH5~ cells (Hanahan, 1985; Jessee, 1986) were used as recipients for transformation. After cutting with restriction endonucleases, DN A was made blunt-ended either by filling in of 5' single-stranded tails with the 5'--,3" polymerase activity of T4 DNA polymerase or by removing 3' single-stranded tails with the 3"-.5' exonuclease activity of T4 DNA polymerase (Maniatis et aL, 1982; Crouse et aL, 1983) . BgllI and XhoI linkers (octomers from New England Biolabs) were ligated to blunt-ended DNA by the method of Lathe et al. (1984) which uses unphosphorylated linkers to prevent multiple linker addition. Recloning of wild-type or mutant TGMV inserts of recombinant plasmids at different sites was carried out as described by Hayes et al. (1988) .
Restriction fragments to be sequenced were subcloned into Ml3mpl8 (Messing, 1983) . DNA sequencing was performed by the dideoxynucleotide chain termination method (Sanger et al., 1977) .
RESULTS

Mutagenesis of the TGMV genome in vitro
Recombinant TGMV clones with insertions and frameshift mutations were constructed by cleavage of recombinant plasmids containing wild-type DNA A or DNA B with restriction endonucleases having single sites within each of the ORFs but no site in the vector moiety (Fig.  1 ). The linearized DNA was then made blunt-ended when necessary by filling in the singlestranded tails and the molecules were recircularized either directly or after the addition of 8 bp linkers, and used to transform E. coll. To create further mutants, recombinants containing linker insertions were cut at the linker site and recircularized either directly or after being made bluntended as above. Deletion mutants were created by cleavage of recombinant TGMV clones with two restriction enzymes having single sites within an ORF (Fig. 1) , making the DNA bluntended by filling in or removal of single-stranded tails as appropriate and recircularization. The mutant clones (Table 1) were characterized by the loss and gain of restriction sites and, in the case of deletions, additionally by the size of restriction fragments which included the deletion. et al. (1985) XhoI linker inserted into the Sinai site of pEMBL9. PstI-HindlIl deletionS" (Hayes et al., 1988) . BgllI linker inserted into the Sinai site of pEMBL9.
PstI-HindlII deletionS'.
Lost Gained TGMV DNA A cloned into the EcoRI site of pAT153 (Bisaro et al., 1982) . TGMV DNA B cloned into the ClaI site of pAT153 (Hamilton et al., 1983) . DNA A insert of pBH401 recloned into the EcoRI site of pEMBL9 (previously called pA/Eco; Hayes et al., 1988) . DNA A insert of pAE recloned into the XhoI site of pEMBL9X (previously called pA/Xho; Hayes et al., 1988) . DNA B insert of pBH604 recloned into the ClaI site of pEMBL9 (previously pB/Cla; Hayes et al., 1988) . * Reading frames are numbered on top of the central nucleotide of a codon according to Hamilton et al. (1984) .
Designation of wild-type reading frames are: A R 1, + 3; AL 1, -3; AL2, -1 ; AL3, -2; B R 1, + 2; BL 1, -2 (see Fig. 1 ). Sequences are given in the virion DNA (+) sense for ORFs AR1 and BR1 and in the complementary (-) sense for ORFs AL 1, AL2, AL3 and BL 1. Nucleotides irrespective of (+) or (-) sense are numbered according to the (+) sense sequence of Hamilton et al. (1984) . Additions to the wild-type ORFs are boxed and not numbered.
Deletions (A) are shown in square brackets. A row of three asterisks on top of a sequence denotes a stop codon. t Number of amino acids in common with wild-type ORF + additional amino acids arising from additional nucleotides inserted and/or frameshift.
:~ Includes 47 amino acids identical in sequence to the C-terminal 47 amino acids of ORF AL2. The sequence in the region of each mutation and the effects on the size and sequence of the polypeptides which each ORF is potentially capable of encoding are shown in Table 2 . Mutants pAL2310E, pBR1010C and pBL1010C had short in-frame insertions that resulted in potentially longer polypeptides being encoded by their respective ORFs. However all the other mutants had sequence alterations which considerably shortened the polypeptide encoded by the mutated ORF. Such shortened polypeptides consisted of an N-terminal region identical to the wild-type polypeptide fused to additional sequences encoded by the inserted linker and/or a shifted reading frame in the TGMV DNA. Mutations introduced into ORF AL2 at the BamHI site also affected ORF AL3 because of the extensive region of overlap of these ORFs (Fig. 1) .
Infectivity of the mutant TGMV clones N. benthamiana seedlings were inoculated with a mixture of a mutant TGMV DNA A clone together with a wild-type DNA B clone or vice versa. Plants were assayed for the development of symptoms typical of TGMV infection alongside control plants inoculated with wild-type DNA A and B clones, which were included in every experiment. Infected control plants developed symptoms about 10 to 14 days after inoculation. Mutants were scored as noninfectious when inoculated plants failed to develop symptoms after 28 days and no viral DNA could be detected by dot hybridization with 3zp-labelled A and B component-specific TGMV probes in DNA prepared from non-inoculated leaves. The results for AR1, ALl and AL2, AL3 mutants are shown in Table 3 . In similar experiments with BRI and BL1 mutants none was infectious in combination with pAX or pAE.
It has been shown previously (Hayes et al., 1988) that DNA A cloned at the EcoRI site (pAE) is less infectious than DNA A cloned at the XhoI site (pAX) and this was confirmed in the present studies. The proportions of plants which became infected after inoculation with pAE + pBC were from 40~ to 90~ in different experiments, whereas 70~ to 95~ of plants inoculated with pAX + pBC became infected. Therefore plants inoculated with mutant DNA A cloned at the EcoRI site were always tested alongside control plants inoculated with pAE. Any mutants which appeared to be non-infectious were recloned at the XhoI site and their infectivities were tested alongside pAX-inoculated control plants.
Mutants with alterations in ORFs ALl, AL2/AL3, BR1 or BL1, which considerably shortened the length of the polypeptide encoded by the ORF (Table 2) , were non-infectious. Inframe insertions of four amino acids in ORFs BR1 (pBRI010C) or BL1 (pBL1010C) destroyed infectivity. However a mutant (pAL2310E) with in-frame insertions of the same size in ORFs AL2 and AL3 was infectious. Analysis of DNA extracted from plants infected with this mutant, by agarose gel electrophoresis, Southern blotting and hybridization with 32p-labelled A and B component-specific probes, revealed all of the ssDNA and dsDNA forms (result not shown) previously detected after infection of plants with cloned wild-type TGMV DNA components (Hamilton et al., 1983 : Hayes et al., 1988 . Furthermore restriction analysis of progeny supercoiled DNA confirmed the absence of the BamHI site and the presence of a BgllI site within ORFs AL2 and AL3 at the position of the linker insertion showing that the linker had not been deleted as a result of either replication of the DNA or its spread through the plant.
Insertion of a BgllI linker into the HpaI site of ORF AR1 (Fig. 1) , which resulted in the addition of two in-frame amino acids followed by a stop codon so that the ORF could encode a truncated polypeptide of only 38 amino acids (Table 2) , did not destroy infectivity. The mutant clone (pAR1010E) was as infectious as wild-type clone pAE and, after recloning this mutant at the BgllI linker site, the resultant clone (pAR 1010B) was as infectious as pAX. The development of symptoms, and amounts of ssDNA and dsDNA forms produced, were similar in plants infected with these mutants and in control plants infected with wild-type cloned DNA. Furthermore, when inoculated onto N. benthamiana seedlings, extracts enriched in the intraceUular viral DNA forms prepared from plants inoculated with the mutant were as infectious as similar extracts prepared from plants infected with wild-type cloned TGMV DNA.
To check that the mutant had not reverted to wild-type after inoculation, supercoiled TGMV DNA was prepared from systemically infected tissue from plants inoculated with pAR-1010E +pBC. The isolated DNA was digested with XhoI and BamHI and the resultant fragment which spans the linker insertion at the HpaI site (Fig. 1) was subcloned into Mt3mp8 and the nucleotide sequences of several subclones were determined. As a control, the XhoIBamHI fragment from the supercoiled DNA isolated from plants infected with pAE + pBC was also subcloned into M 13mp8 and sequenced. The sequencing gels (Fig. 2) showed that the linker has been neither lost nor modified as a result of propagation of the mutant DNA in the plant.
Partially purified virus preparations from plants infected with wild-type cloned TGMV DNA gave a strong precipitin line in gel immunodiffusion tests with the antiserum described by Stein et al. (1983) and the capsid polypeptide (Mr approx. 28 500) in such preparations was readily detected by SDS-PAGE. However, similar preparations from plants infected with pAR1010E + pBC did not react with the TGMV antiserum, nor could the capsid polypeptide be detected in these preparations by SDS-PAGE. Either of these methods would have readily detected 0-5 ~ of the amount of virus or capsid polypeptide produced in the infection with wildtype DNA.
Infection was also achieved with mutant clone pARI020X which had a 28 bp deletion between the XhoI and HpaI sites of DNA A, altering the reading frame of ORF ARI, so that only a short polypeptide could be encoded (Table 2) . With this mutant development of symptoms was delayed by several days compared to the control plants inoculated with the wildtype clones. None of the mutants with larger deletions (178 bp to 603 bp) in ORF AR1 (Table 2) was infectious.
Complementation between mutants
Infections could also be initiated with mixtures of non-infectious mutants that had alterations in different ORFs. Eight out of 38 N. benthamiana seedlings inoculated with pAL1010E + pAL2311E +pBC and three out of 14 seedlings inoculated with pBL1011C + pBR1011C + pAX showed symptoms after 21 days. To determine whether infection was due to complementation or recombination, virus-specific supercoiled DNA was isolated from infectious plants and analysed by restriction endonuclease digestion, agarose gel electrophoresis, Southern blotting and hybridization to A and B component-specific probes. The mutant DNA species have additional restriction sites which enable them to be distinguished from the wild-type DNA components (Table 2, Fig. 3) .
The sizes of fragments detected after restriction enzyme ClaI digestion of supercoiled DNA obtained from plants infected with ALl and AL2/AL3 mutants, or with wild-type DNA, are Fig. 2 . Autoradiograph of nucleotide sequencing gel of XhoI-BamHI fragments of DNA A cloned from supercoiled DNA isolated from plants infected with pAE + pBC (a) and pAR1010E + pBC (b). The dideoxynucleotides used for sequencing are indicated by single letters above each lane. The sequence of the HpaI site from nucleotides 432 to 437 in the wild-type DNA sequence, and the HpaI site with the octanucleotide linker insertion in the AR1010 mutant DNA sequence (Table 2) are shown on the lefthand and right-hand sides of the gel respectively. 509 compared with those predicted from the nucleotide sequence (Hamilton et al., 1984 ; Table 2 ) in Table 4 . The presence of a 2090 bp fragment after PvuI digestion and the 885 bp and 460 bp fragments after ClaI digestion shows that both the A L l and the AL2/AL3 mutants had replicated and spread systemically in the plants, i.e. complementation between the two mutants had occurred. However the data do not eliminate the possibility that some recombination or reversion to regenerate wild-type D N A A had occurred, because the restriction fragments of * Detected with the DNA A-specific probe. This probe would not detect the 500 bp PvuI fragment of the ALl mutant, because this part of the genome was deleted in constructing the A-specific probes (Hayes et al., 1988) .
Detected with the DNA B-specific probe.
wild-type DNA A are a subset of those of DNA of a mixture of the ALl and AL2/AL3 mutants (Table 4) .
To obtain further information, the supercoiled DNA was cut with XhoI or EcoRI and ligated into the pEMBL9X vector (Table 1) which had been cut with XhoI or EcoRI respectively. E. coli DH5ct cells were then transformed with the products of each ligation. Fifty clones (25 from each transformation) containing the A component DNA were selected by colony hybridization and analysed by restriction enzyme digestion and agarose gel electrophoresis. Thirty clones (12 XhoI; 18 EcoRI) were found to have the C1, C2, C3, S and P1 sites, indicating that they were clones of the AL2/AL3 mutant (Fig. 3 c) . A further seven clones (three XhoI; four EcoRI) had the C1, C2, P1 and P2 sites but no S site, indicating that these were clones of the ALl mutant (Fig.  3b) . Eight clones from the XhoI transformation had the C1, C2 and P1 sites, but no E, S or P2 sites. These clones were probably derived from the ALl mutant by sequence alterations around the insertion site (Table 2 ; Fig. 3b ). The last five clones (two XhoI; three EcoRI) had the same sites (CI, C2, E, S and PI) as the wild-type DNA A (Fig. 3a) , suggesting that they had been generated either by recombination between the ALl and AL2/AL3 mutants or by reversion of the ALl or AL2/AL3 mutant to the wild-type sequence by deletion of the inserted nucleotides. To distinguish between these possibilities and to verify that the wild-type sequence in the region of the mutations had been faithfully regenerated it would be necessary to carry out the complementation experiments with mutants of two strains of TGMV which differed in several restriction endonuclease sites around the genome and to sequence clones of the progeny DNA in the regions of the original mutations.
The products of PvuI digestion of supercoiled DNA obtained from plants infected with the BL1 and BRI mutants, together with pAX, or with the wild-type DNA components, are compared with those predicted from the nucleotide sequence (Hamilton et al., 1984) in Table 4 . The presence of the 1735 bp and 775 bp fragments identifies the BL1 mutant and the 2010 bp and 500 bp fragments identify the BR1 mutant (Table 4) . Hence complementation between the two mutants has occurred. The 2510 bp fragment could have arisen from partial enzyme digestion of the BL1 or BR1 mutant DNA or by complete digestion of wild-type DNA B arising by recombination between, or reversion of, the BL1 and BRI mutants.
DISCUSSION
The infectivity of cloned TGMV DNA was abolished by the introduction of mutations which considerably shortened ORF ALl or AL2/AL3. Since it has already been shown that DNA A can replicate in the absence ofDNA B (Rogers et al., 1986) , it may be concluded that ORF ALl and one or both of ORFs AL2 and AL3 are required for TGMV replication in single cells.
Infectivity was also abolished by mutations which shortened ORF BL1 or BR1 and by the inframe insertion of four amino acids which presumably altered the secondary and tertiary structures of these proteins. DNA B has been implicated in the cell-to-cell transmission of the virus (Rogers et al., 1986) . The requirement of two ORFs for a systemic infection to become established may reflect requirements for two different processes in virus transmission, i.e. cellto-cell transport through the mesophyll to the phloem, and transport through the vascular system of the plant, It is noteworthy that the in-frame insertion of four amino acids within the sequences of ORFs AL2 and AL3 did not significantly affect infectivity. Possibly the ability of the proteins encoded by these ORFs to fold into the correct secondary and tertiary structure is not affected by short insertions in this region. In the mutant AL2311 the wild-type AL2 sequence is present as part of two fusion proteins, the N-terminal 82 amino acids being encoded by the mutant AL2 ORF and the C-terminal 47 amino acids by the mutant AL3 ORF. This mutant was not infectious, either because of the inability of the N-and C-terminal sequences to complement each other or to the absence of a functional AL3 protein.
A linker insertion in ORF AR1 causing only 36 amino acids of the wild-type coat protein sequence to be produced (Table 2 ) had no significant effect on infectivity, development of symptoms or amount of viral DN A produced, there being no detectable virions or coat protein in the systemically infected tissue. Similarly a 28 bp deletion in ORF AR1, resulting in only 27 amino acids of the wild-type coat protein sequence being produced (Table 2) , did not destroy infectivity, although the time taken for symptoms to develop was increased. Hence packaging is not required for replication or systemic spread of the TGMV DNA. Similar conclusions were reached by with a coat protein mutant of ACMV, generated by intermolecular recombination in vivo between an intact recombinant MI3 clone of DNA 1 and DNA 2 which had been excised from its cloning vector. In this mutant the reading frame of the ACMV coat protein gene was changed, resulting in a putative truncated coat protein of 76 amino acids, compared to the native 258 amino acids. When inoculated onto N. benthamiana seedlings the ACMV mutant initiated a systemic infection, although no virions or coat protein could be detected. However the reduction in proportion of virion ssDNA found in infections with the ACMV mutant was not observed in infections with the TGMV coat protein mutant.
The lack of infectivity of the TGMV coat protein mutants with deletions of 178 bp to 603 bp (Tables 1 to 3 ) may reflect a stringent requirement of the relative sizes of DNA A and DNA B. If the size of DNA A fell below a critical level it might replicate faster than, and outcompete, DNA B, so that insufficient quantities of the proteins encoded by DNA B would be produced to allow a systemic infection to develop. noted that mutants of ACMV generated in vivo from intact recombinant molecules ofDNA 1 were all of a size similar to that of the wild-type DNA 2 and this could have been for similar reasons.
The preponderance of AL2/AL3 mutants over ALl mutants in the infection induced by pAL1010E +pAL2311E + pBC may reflect a requirement for a greater quantity of the ALl protein than the AL2 and/or AL3 protein. The conservation of ORFs with sequence homology to the ALl protein in geminiviruses belonging to different subgroups (MacDowell et al., 1985; Mullineaux et al., 1985) suggests an important role for this protein in virus DNA replication. The relatively low proportion of wild-type DNA A molecules in the progeny of infection suggests that the infection was initiated by complementation between the ALl and AL2/AL3 mutants. Recombination or reversion to generate wild-type DNA molecules was presumably a relatively rare event, since, once formed, it would be expected that they would have a replicative advantage over the mixture of mutants.
It has been suggested that geminiviruses have potential for the construction of high copy number, replicating plant gene expression vectors Coutts et al., 1987) . On the basis of the results presented here it seems likely that any one of ORFs ALl, AL2/AL3, BL1 or BR1 could be replaced by a foreign gene providing the gene replaced was complemented by a functional gene. However ORF AR1 is a better candidate for replacement since a functional copy of this gene is not required. The size limitation of DNA A apparently imposed by the size of the competing, replicating DNA B circles could possibly be overcome by producing transgenic
